ABSTRACT D-π-A pyridinium dye without carboxylic acid moiety as anchoring group has been used as a photosensitizer for dye-sensitized solar cells (DSSCs). FTIR and absorption spectra of the D-π-A pyridinium dye adsorbed on TiO 2 nanoparticles indicate that the dye is adsorbed on the TiO 2 surface by an electrostatic interaction between pyridinium moiety of the dye and the hydroxyl group of TiO 2 surface. DSSC based on the D-π-A pyridinium dye had a power conversion efficiency (η) of 0.09% with a short-circuit photocurrent density (J sc ) of 0.48 mA cm −2
Introduction
Since the first report of dye-sensitized solar cells (DSSCs) by Grätzel and O'Regan in 1991, 1 DSSCs based on dye sensitizers adsorbed on nanocrystalline TiO 2 electrode have attracted more and more attention as one of most promising sustainable energy systems. 229 To increase power conversion efficiency, much effort has been made on the development of various types of organic dye sensitizers for DSSCs, and there has been a gradual accumulation of information about the relationship between the chemical structures of dye sensitizers and photovoltaic performances of DSSCs. 1629 In particular, many kinds of donor-acceptor O-conjugated (D-O-A) dyes exhibiting broad and intense absorption, which have both the electron-donating (D) and electron-accepting (A) groups linked by a O-conjugated bridge, have been developed. The spectral features of the D-O-A dyes are associated with the intramolecular charge transfer (ICT) excitation from the donor to acceptor moiety of the dye, leading to efficient electron transfer from the excited dye through the acceptor moiety into the conduction band (CB) of TiO 2 . Almost all the conventional D-O-A dyes have carboxyl group which can act as electron acceptor as well as anchoring group for attachment on a TiO 2 surface. Thus, the carboxyl group enables a good electron communication between the dye and TiO 2 by forming a strong bidentate bridging linkage with Brønsted acid sites (surfacebound hydroxyl groups) of TiO 2 surface. However, the stereotype of carboxyl group as an anchor and electron acceptor makes it difficult to create new class of D-O-A dye sensitizers for DSSCs.
To create new and efficient D-O-A dyes for DSSCs, an epochmaking molecular design such as forming a strong interaction between the electron accepting moiety of dye sensitizers and TiO 2 surface is required. For this purpose, as a new class of D-O-A dye sensitizers for DSSCs, we have designed and synthesized the D-O-A pyridinium dye 1 30 without carboxylic acid moiety as anchoring group [ Fig. 1(a) ]. FTIR and absorption spectra of the D-O-A pyridinium dye adsorbed on TiO 2 nanoparticles indicate that the dye is adsorbed on the TiO 2 surface by an electrostatic interaction between pyridinium moiety of the dye and the hydroxyl group of TiO 2 surface. Herein, we report photovoltaic performances of DSSC based on the D-O-A pyridinium dye 1 and propose the use of a pyridinium group as an alternative electron-accepting anchoring group to a carboxyl group of conventional D-O-A dye sensitizers.
Experimental
The dye 1 was synthesized according to previous procedure. 30 FTIR spectra were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer by ATR method. Absorption spectra were observed with a Shimadzu UV-3150 spectrophotometer. Cyclic voltammetry (CV) curve was recorded in acetonitrile/Bu 4 NClO 4 (1.0 mM) solution with a three-electrode system consisting of Ag/Ag + as reference electrode, Pt plate as working electrode, and Pt wire as counter electrode by using a Hokuto Denko HAB-151 potentiostat equipped with a function generator. The semi-empirical calculations were carried out with the WinMOPAC Ver. 3.9 package (Fujitsu, Chiba, Japan). Geometry calculation in the ground state was made using the AM1 method. 31 INDO/S calculation 3234 for HOMO, LUMO, and electron density changes accompanying the first electronic excitation was performed using single excitation full SCF/CI (self-consistent field/configuration interaction), which included the configuration with one electron excited from any occupied orbital to any unoccupied orbital, where 225 configurations were considered. The TiO 2 paste (JGC Catalysts and Chemicals Ltd., PST-18NR) was deposited on a fluorine-doped-tin-oxide (FTO) substrate by doctor-blading, and sintered for 50 min at 450°C. The 9 µm thick TiO 2 electrode (0.5 © 0.5 cm 2 in photoactive area) was immersed into a 0.5 mM dye solution in acetonitrile for three days enough to adsorb the dye 1. The DSSC was fabricated by using the TiO 2 electrode thus prepared, Pt-coated glass as a counter electrode, and a solution of 0.05 M iodine, 0.1 M lithium iodide, and 0.6 M 1,2-dimethyl-3-propylimidazolium iodide in acetonitrile as electrolyte. The photocurrent-voltage characteristics were measured using a potentiostat under a simulated solar light (AM 1.5, 100 mW cm
¹2
). IPCE spectra were measured under monochromatic irradiation with a tungsten-halogen lamp and a monochromator. Absorption spectra of the dyes adsorbed on TiO 2 nanoparticles were recorded on the dyes-adsorbed TiO 2 film (thickness of 9 µm) in the diffuse-reflection mode with a calibrated integrating sphere system.
Results and Discussion
The absorption spectra of 1 in acetonitrile and adsorbed on TiO 2 nanoparticles are shown in Fig. 2(a) . In acetonitrile, the pyridinium dye 1 shows absorption maxima at 456 nm (molar extinction coefficient (¾) = 33600 M ¹1 cm
¹1
) attributable to ICT excitation from diphenylamino group to pyridinium ring. On the other hand, the absorption peak wavelength of the dyes adsorbed on TiO 2 nanoparticles is blue-shifted by ca. 70 nm compared with that in acetonitrile. The electrochemical property of 1 was determined by CV in acetonitrile containing 0.1 M Bu 4 NClO 4 . The potentials were referred to Ferrocene/Ferrocenium (Fc/Fc + ) internal reference [ Fig. 2(b) ]. The signal at around 0 V is responsible for the oxidation of the iodide counterion. The clear oxidation peak was observed at 0.45 V vs. Fc/Fc + and the corresponding reduction peak appeared at 0.37 V. The HOMO and LUMO energy levels of the dye 1 were evaluated from the absorption spectrum and the half-wave potential for oxidation (E 1/2 ox = 0.41 V). The HOMO energy level of 1 is 1.04 V with respect to a normal hydrogen electrode (NHE), indicating that the HOMO energy level is more positive than the I 3
¹

/I
¹ redox potential (0.4 V vs. NHE). This assures an efficient regeneration of the oxidized dyes by electron transfer from I ¹ in the electrolyte. The LUMO energy level of 1 is ¹1.03 V, which is estimated from the oxidation potential and the onset of absorption band [600 nm (2.07 eV)]. Evidently, the LUMO energy of 1 is higher than the energy level of the CB of TiO 2 (¹0.5 V vs. NHE), suggesting that an efficient electron injection to the CB of TiO 2 is thermodynamically possible.
To understand photophysical and electrochemical properties of 1, semi-empirical molecular orbital (MO) calculations of the dye cation were carried out by the INDO/S method 3234 after geometrical optimizations using the MOPAC/AM1 method.
31 Figure 1 shows the chemical structure, HOMO, LUMO, and the calculated electron density changes accompanying the first electronic excitation of 1. The MO calculations show that the first excitation band of the dye cation is mainly assigned to a transition from HOMO to LUMO, where HOMO is mostly localized on the diphenylamino-carbazole moiety and LUMOs are mostly localized on the thienyl-pyridinium moiety [ Figs. 1(b) and 1(c) ]. The changes in the calculated electron density accompanying the first electron excitation are shown in Fig. 1(d) , which reveals that the ICT occurs from the diphenylamino-carbazole moiety to the thienyl-pyridinium moiety upon photoexcitation.
To elucidate the adsorption states of dye 1 on TiO 2 nanoparticles, we measured the FTIR spectra of the dye powders and the dyes adsorbed on TiO 2 nanoparticles (Fig. 3) . For the powders of dye 1, the characteristic ring stretching vibrations for C=N or C=C were clearly observed at 1488 cm
¹1
. When the dyes were adsorbed on the TiO 2 surface, the C=N or C=C ring stretching vibrations significantly weakened. This indicates that the dye 1 is adsorbed on the TiO 2 surface by an electrostatic interaction between pyridinium moiety of the dye and the hydroxyl group on TiO 2 surface. Due to the electron-donating ability of the hydroxyl group on TiO 2 surface, it is suggested that the electrostatic interaction leads to the lowering of ICT characteristics of 1. Consequnetly, the electrostatic interaction may be responsible for the large blue-shift of the absorption peak wavelength for the dye 1 adsorbed on TiO 2 .
The DSSC based on the dye 1 was prepared by using the dyeadsorbed TiO 2 electrode, Pt-coated glass as a counter electrode, and an acetonitrile solution with iodine (0.05 M), lithium iodide (0.1 M), and 1,2-dimethyl-3-propylimidazolium iodide (0.6 M) as electrolyte. The photocurrent-voltage (I-V) characteristics were measured under simulated solar light (AM 1.5, 100 mW cm ¹2 ). The I-V curve and the incident photon-to-current conversion efficiency (IPCE) spectrum are shown in Fig. 4 . The DSSC based on dye 1 gave an power conversion efficiency (©) of 0.09%, with a short-circuit photocurrent Electrochemistry, 81(5), 325327 (2013) density (J sc ) of 0.48 mA cm ¹2 , a open-circuit photovoltages (V oc ) of 328 mV, a fill factor ( ff ) of 0.54, and a maximum IPCE value of 6.5% at 403 nm. The relatively low © value for DSSC based on the dye 1 may be attributede to the rapid charge recombinations between the injected electrons in the CB of TiO 2 and the oxidized dyes (the photoexcited dyes) because of close approach of pyridinium moiety with positive charge density of the dye 1 to the TiO 2 surface through the formation of electrostatic interaction between the dye and TiO 2 surface. Further studies to elucidate the photovoltaic performance of DSSC based on the dye 1 are now in progress based on transient absorption spectroscopy and the transient photovoltage techniques.
Conclusion
As a new class of D-O-A dye sensitizers for DSSCs, we have used the D-O-A pyridinium dye without carboxylic acid moiety as anchoring group. It was found that the D-O-A pyridinium is adsorbed on the TiO 2 surface by an electrostatic interaction between pyridinium moiety of the dye and the hydroxyl group of TiO 2 surface. This work demonstrates that the pyridinium group is expected to be one of the most promising candidates as electronaccepting anchoring group for a new class of D-O-A dye sensitizers, although the photovoltaic performances of DSSC based on the D-O-A pyridinium dye 1 is low.
